INTRODUCTION
The Oura Igneous Complex is a series of gravity stratiform mafic and ultramafic plutonites in northern Maizuru City and has an exposed area of about 23km2 (Agata, 1974 ).
An appinitic rock group including hornblendite, hornblende gabbro, and mela and an appreciable amount of copper sulfide concentration occurs in some net-work veins.
The Main Appinitic Sequence is a suite of gabbroic and dioritic varieties exposed over about 3.5km2 in the west of Oyama (Fig. 1) . It is lenticular and represents so far the largest body of appinitic rocks.
The appinitic rocks in the Oura Igneous Complex are the unique late differentiates that do not occupy the top of the layered intrusion and do occur midway in the layered sequence. In the present paper the origins and genetical processes of horn blende-rich and related rocks are worked out. The next companion paper, "Horn -blende-rich gabbro-diorite sequence, Part II", will cover mainly hydrothermal events accompanying the formation of appinitic and related rocks. The study in these papers might also furnish a key to solve the nature of some other hornblendic rocks, e.g. so-called "granitized gabbro", as sociated with large amounts of granodioritic rocks. Originally a fortified port area, only a reconnaissance regional geology (Kochibe, 1894) was available until the end of World War II, and Hirokawa and Kuroda (1958) gave brief accounts of geology and petro graphy of the igneous rocks in the Oura Peninsula. Through field and laboratory investigations I found out layered structures in them and worked out the nature of cumulates in the layered sequence (Agata, 1974) . I also realized the iron enrichment in the fractionally crystallizing Oura magma being exceptionally weak in contrast to the strongly iron-enriched trend reported in most other layered intrusions.
The southern and western margins of the Oura Igneous Complex terminate against Paleozoic volcanic and sedimentary rocks; the contacts appear to be tectonic and there is no trace of a chilled margin. In the northern part the complex is invaded by the Miyazu granite of Cretaceous age and to the east is covered with Tertiary sedi mentary and volcanic rocks. On the basis of field relations, the complex is divided into two units: (1) the Mafic Unit comprising a sequence of gabbroic and pyroxenitic piles, about 4,000m thick, and (2) the Ultramafic Unit composed of several bodies of dunite with a small amount of pyroxenite which intruded into the Mafic Unit as solid masses.
LAYERED SEQUENCE IN THE MAFIC UNIT
1. Sequence, rock types, and cumulus minerals The layered features in the Mafic Unit are nearly vertical with EW trend, and gravity stratification indicates the se quence of the intrusion being upper toward the south. Three zones, subdivided by the entrance of essential minerals, are given with their spatial changes in Fig. 2 ; the Lower, the Middle, and the Upper Zone are 400, 3,500, and 100m thick, respectively.
A major rock type in the layered sequence is of adcumulate. Equigranular cumulus minerals exhibit unzoned peri euhedral to anhedral crystals and show their well-developed mutual interference. Small amounts of intercumulus minerals are usually noticeable among the cumulus minerals.
The order in which the cumulus min erals appear in the layered sequence is chnopyroxene, plagioclase, and magnetite . The ratio of plagioclase to clinopyroxene in the Middle and Upper Zone is close to 1:1 by volume and magnetite content in the Upper Zone attains to 6%. Cryptic layering is well-developed and shows a general trend from magnesian to iron-rich for chno pyroxene and from calcic to sodic for plagioclase upward in the layered sequence.
Intercumulus minerals
The amounts of intercumulus minerals in the Mafic Unit usually range by volume from 0.5 to 15% with an average of 4%.
Brown to green pleochroic hornblende is the most abundant intercumulus mineral and occurs commonly through the layered sequence. In some specimens hornblende content exceeds 7% by volume but is generally less than 5%. Hornblende interprecipitates among the cumulus min erals, and also rounds, embays and encloses the cumulus chnopyroxene grains where they are in contact.
Interprecipitated ilmenite occurs at many horizons of the layered sequence. At several horizons ilmenite content is high enough for making up a thin layer traceable on the polished specimens, but its con centration is generally less than 2%.
Apatite fills some interstices of the cumulus minerals at several horizons of the Middle and Upper Zone. Minute grains of orthopyroxene are observed in a few specimens. In a lower portion of the layered sequence chalcopyrite, pyrrhotite, cubanite, pentlandite and mackinawite are very common, but most of these sulfides are considered to be genetically related to a sulfide-rich rock series of harrisite, allivalite and eucrite cutting this portion of the Mafic Unit as net-work veins. (Agata, 1974) .
Origin
The Mafic Unit was essentially formed by crystals accumulating on the floor of the magma chamber. The chemical composi tion of magma changed gradually under extreme fractionation conditions. The composition of magma at Horizon P, about 2,000m high above the base, is estimated from the composition of filter pressed pore material forming thin layers within plagioclase-clinopyroxene adcumulate (Agata, 1974) . It is similar to an andesitic composition, oversaturated in silica, rich in alumina and soda, moderate in iron, and poor in magnesia (Table 1) .
The layered sequence contains no olivine and comprises the thick ultramafic piles in its lower portion, and the initial magma of the Mafic Unit is considered to be of a tholeiitic composition.
DESCRIPTION OF THE MAIN APPINITIC SEQUENCE
The Main Appinitic Sequence consists of various kinds of hornblende gabbro and mela albite diorite with a small amount of leuco albite tonalite. In the northern and southern margins of the Main Appinitic Sequence it joins with the layered sequence of the Mafic Unit, while at the western end it is terminated by a fault and in the east is overlained by Tertiary rocks (Fig. 1) . The trend of this elongated appinitic sequence is concordant with that of layered structures, and within the layered sequence it covers from 2,500 to 3,500m above the base of the Mafic Unit.
Because of poor exposures in the western half of the Main Appinitic Sequence, the present description is concentrated in the eastern portion.
Hornblende gabbro
A hornblende gabbro zone occupies a marginal portion of the Main Appinitic Sequence: it joins the plagioclase-clinopyroxene adcumulate sequence in its outer wide. In the joining cumulates intercumulus hornblende forms coronas around the earlier formed cumulus clinopyroxene crystals. With going to the hornblende gabbro zone, the coronas of hornblende increase gradually in amounts, and correspondingly clinopyroxene is sparser.
Brown to green pleochroic hornblende and calcic plagioclase are essential minerals in most hornblende gabbro and clino pyroxene an accessory. Ilmenite and apatite sometimes with quartz and zircon are sparingly present.
Hornblende usually ranges in amounts from 35 to 60% in the rocks by volume. Most hornblende grains are peri-euhedral to anhedral and measure 0.5 to 2.0mm in size. They extend to interstices among the subhedral to anhedral plagioclase grains The mela albite diorite body contacts the hornblende gabbro zone in its outer margin, and a transitional zone , less than 5m wide, occurs. Within the transitional zone sodic plagioclase and ilmenite join , 1950) . From the optical properties and the 20 (131)- (131) (Smith and Yoder, 1956) , it is of the low temperature type.
The impersistent calcic plagioclase core, often feebly clouded, sometimes occurs within the albite crystals. The composi tion of the mantled feldspar ranges from An63 to An86 in the mela albite diorite body, but labradorite is uncommon. The most calcic composition is identical with that of cumulus plagioclase stratigraphically 3,000 m high in the layered sequence (Fig. 2) .
Ilmenite exhibits an anhedral crystal and fills interstices among the silicate minerals. The interstitial mineral some times contains sparse minute inclusions of hematite, and it dissolves about 10% pyrophanite molecule (Table 5) . Magnetite comprises an essential constituent in a central portion of the mela albite diorite body and occurs as an interstitial mineral. It is intergrown with ilmenite, and in the exolved crystals minute hematite is sparsely disseminated.
Apatite and zircon are ubiquitous con stituents but in small amounts. Inter stitial quartz rarely occurs in an appreci able amount. Globular grains of chalcopyrite The composition of plagioclase is soda-rich (An2-4) and the albite is often rimmed with more sodic plagioclase (An0-2). Or content from measurements of the (201) spacing is less than 5 mole %. Optical and X-ray diffraction characteristics show that albite is close to the low temperature variety. Apatite, zircon, ilmenite and hornblende are also present in trace amounts. Leuco albite tonalite exhibits a hypautomorphic granular texture, which is sometimes mod ified by serrated grain boundaries and granophyric intergrowth of quartz and plagioclase.
DISCUSSION

General
The Main Appinitic Sequence in the Oura Igneous Complex obviously is not a separate body which intruded into the Mafic Unit. In and near the Main Appinitic Sequence there is no evidence suggesting the presence of any late intrusive rocks that might have provided a hornblende-rich sequence produced by thermal metamor phism of mafic rocks. Presumably, the appinitic and related rocks are late dif ferentiates crystallized from the Oura magma. The presence of magnetite ilmenite intergrowth may also imply that the mela albite diorite is igneous in origin.
The mela albite diorite in the Oura Igenous Complex is similar to the appinite to appinitic diorite in the Scottish High land (Anderson, 1935 (Anderson, , 1937 Nockolds , 1941; Bailey, 1960) : in both cases brown to green hornblende and sodic plagioclase are predominant, and clinopyroxene often an accessory. Unlike most appinites in Scot land the Oura hornblendic rocks are not associated with kentallenite and grano diorite, and do occur within the layered intrusion. Read (1961) had an opinion that appinites take their origin from ultramafic magma or solid ultramafic rocks mixing with granitic magma. Nockolds and Mitchell (1949) thought that the hornblende-rich rocks are derived from a relatively silicic magma by crystallization and accumulation of mafic or ultramafic material, followed by hybridization of the ferromagnesian differentiates and the re sidual liquid. Another genetical hypothesis was suggested by Joplin (1959) that ap pinitic rocks are produced by contact meta morphism and hybridization of mafic rocks accompanying later intrusion of granitic magma.
Origin and genetical processes of the appinitic and related rocks
Unlike most silicic and intermediate rocks in other layered intrusions-grano phyre in the Skaergaard intrusion (Wager and Deer, 1939) , granite and melanodiorite in the Guadalupe igneous complex (Best, 1963) , the Bushveld granite (Willemse, 1969) , and granite and diorite in the Insch layered intrusion (Wadsworth, 1970) -the Oura appinitic and related rocks never occupy the top of the layered intrusion; they are not formed simply by the gravita tional fractionation of magma. The causes of formation of the Main Appinitic Sequence could be worked out only in the course of interpreting the processes of solidification of cumulates. Some of these processes will be discussed first and will be followed by an interpretation of the actual formation of the Main Appinitic Sequence.
(1) Solidification processes of cumulates and rate of accumulation of crystals Accumulating crystals in the magma chamber form a layer of crystal mush on the floor. To estimate the porosity of the mush, it is necessary to examine rocks comprising euhedral cumulus minerals not enlarged by crystallization from the pore space liquid in the mush (Jackson, 1961 (1973; 1977) , and Suwa and Suzuki (1977) . In this specimen euhedral cumulus chromite makes up 49% of the rock by volume, and the remainder comprises interstitial plagio clase, orthopyroxene, clinopyroxene, and chromian phlogopite. Presumably, the mush originally contained about 50% liquid. The similar value was estimated also in the Skaergaard intrusion (Wager, 1969) .
The amounts of intercumulus minerals in the Oura cumulates are usually below 10 vol. %; hence, the major effect of the crystallizing pore space liquid was on growth of accumulated crystals. The lack of con spicuous zoning in the cumulus minerals suggests that they grew nearly at the same temperature with that in their generation. To explain the same temperature growth, Hess (1960) employed mechanism of diffu sion from the pore space liquid in the mush layer to the overlying main mass of magma. With the heat loss necessitated for the post depositional growth, Wager (1963) sug gested super-cooling of convecting magma which sweeps over the top of piles.
Primo-crystals of cumulus minerals were formed as the result of heat loss from the top of the magma chamber, and then they accumulated on the floor. The ini-tial interstitial liquid of mush has the chemical composition of the contemporary main magma, and crystallization from the interstitial liquid is brought about by heat loss from the bottom of the magma chamber and by super-cooling of the circulated magma sweeping over the top of the mush layer; growth of the accumulated primo crystals comes out. A little enlargement of the accumulated minerals reduces the concentrations of their components in the interstitial liquid: a compositional gradient from the interstitial liquid to the overlying main mass of magma is set up. Then, diffusion between them takes place, and the interstitial liquid gets back to the comp osition of the contemporary magma. So long as diffusion remains rapid, this differ ential cycle may turn and turn about until the cumulus minerals grow to fill the entire space of the mush. Inasmuch as the chemi cal composition of the liquid in equilibrium with minerals remains constant, the temp erature in the growth of the accumulated crystals is held also constant; their unzoned postdepositional growth results.
In the Oura cumulates the intercumulus phases comprise hornblende, sometimes ilmenite, and rarely apatite; other minerals forming at lower temperatures are absent . The formation of intercumulus minerals crystallizing from the pore space liquid of the mush would occur under environments of slow diffusion as following manners .
In cementing the mush, slow diffusion changes the chemical composition of the interstitial liquid with growing the ac cumulated minerals. Crystallization from the interstitial liquid takes place at lower temperature than does the postdepositional growth, and a new phase or phases appear among the accumulated minerals . Inter precipitation of the newly entered minerals goes on and forms intercumulus materials; the residual pore space liquid is eliminated into the overlying magma. Generally, the effectiveness of diffusion is correlated with the rate of accumulation of crystals in the magma chamber (Hess, 1960) . Where accumulation of crystals is slow, diffusion is so effective; in the case of rapid accumulation most of the interstitial liquid is trapped among the accumulated crystals and crystallizes later.
In formation of the layered sequence of the Oura Igenous Complex, accumulation of crystals is considered to have kept slow, and the cementation of cumulates would occur near the top of the piles where diffu sion is effective.
(2) Formation of the Main Appinitic Sequence Clinopyroxene and calcic plagioclase present in the Main Appinitic Sequence apparently are cumulus minerals, and the appinitic rocks took their origin from mush after accumulation of crystals . Horn blende, sodic plagioclase, ilmenite, quartz , and other lesser minerals are looked upon as intercumulus materials. The texture and mineralogy suggest that a resorption of accumulated minerals occurred in forming hornblende gabbro and mela albite diorite . The reaction between cumulus minerals and the pore space liquid has been recognized by many authors (Hess , 1960; Jackson, 1961; Coertze, 1970; Agata , 1974) .
(a) Hornblende gabbro The composition and texture of plagio clase in hornblende gabbro suggest that its crystals, originally euhedral, grew in the same manners with those of adcumulate in the layered sequence. With the accumulat ed clinopyroxene, significant enlargement did not take place. In formation of horn blende gabbro diffusion from the pore space liquid to the main magma is interpreted to be not rapid, and a considerable rapid accumulation of crystals is brought for ward. In view of reaction relation between hornblende and clinopyroxene (Holloway and Burnham, 1972; Eggler, 1972) , the resorbing hornblende is considered to be a reaction product between cumulus clino pyroxene and the interstitial liquid.
A considerable rapid accumulation of crystals provides a high compositional gradient in the sequence of liquid in the mush layer. The temperature of the crystallizing pore space liquid drops gradu ally toward the bottom mush. The ac cumulated plagioclase grows near the top of the mush, where diffusion is very effective, at the same temperature with its genera tion. In a lower portion the effectiveness of diffusion is comparatively low, and hornblende forms in and around the ac cumulated clinopyroxene crystals; and the liquid also precipitates hornblende among the crystals. Scarce enlargement of clino pyroxene permits the porosity of the mush to be high, and the reaction with a volume increase proceeds, to form a replacement of hornblende after clinopyroxene. Even at the bottom of the mush layer diffusion fairly restores the composition of the pore space liquid, and the crystallization of hornblende continues until the entire space is filled up; the residual liquid diffuses upward to the overlying magma. Thus, hornblende gabbro would form within the layered sequence.
(b) Mela albite diorite
The exalted reaction of liquid at the expense of all the accumulated minerals is recognized in mela albite diorite, and it contains much later crystallization products than does hornblende gabbro. These sug gest that most of the pore space liquid is trapped among the accumulated crystals in forming mela albite diorite; the rate of accumulation of crystals may be high enough not to permit postdepositional growth of the cumulus minerals. In the magma chamber a rapid accumulation of crystals on a part of the floor piles up the deposit higher than the other contemporary hori zon and forms a mountain-shaped heap of crystals. The southern boundaries of the mela albite diorite bodies on the geological map (Fig. 1) may represent an outline of the mountain-shaped heaps on the floor. The presence of adcumulate above the Main Appinitic Sequence indicates that the trapped liquid in the heaps, crystallizing later, was left in lenses of mush within solid cumulate.
With temperature dropping in the lenses of mush, the reaction between the cumulus minerals and the pore space liquid takes place and produces hornblende and sodic plagioclase. Concurrently, the trap ped liquid precipitates hornblende, sodic plagioclase, ilmenite, magnetite, apatite, and zircon in the pore space among the crystals. This crystallization process may account for the generation of mela albite diorite midway in the layered sequence.
(c) Leuco albite tonalite Leuco albite tonalite apparently has an intimate genetical relation with mela albite diorite, and it contains later crys tallization products. In leuco albite ton alite there is no evidence suggesting the pre-existence of any accumulated minerals; it formed in fissures in the mela albite diorite bodies. The immediate contact relations suggest that the magma forming leuco albite tonalite affected mela albite diorite in its invasion and was not a simply differen tiated one.
Natural convection may occur in porous media. Hess (1972) calculated the Ray leigh number in the liquid of mush after accumulation of crystals in the magma chamber and proposed that composition driven convection may occur. In the Main Appinitic Sequence the marked areal variation of refractive index of hornblende indicates that the chemical composition of the interstitial liquid forming mela albite diorite varied unsteadily from place to place, and suggests that the conditions of liquid were mechanically unstable. In view of each reaction relation be tween minerals in forming mela albite diorite, the initial ratio of nucleus number of sodic plagioclase to hornblende is estimated from the numbers of the cumulus calcic plagioclase and the clinopyroxene grains in the cumulate, and the measured value is 1:1. On the other hand, the actual grain number of sodic plagioclase in mela albite diorite attains to twenty fold that of hornblende; a single hornblende crystal would resorb several cumulus clinopyroxene grains. This suggests that hornblende in the interstitial liquid is difficult to form nuclei.
In the mush forming mela albite diorite, fissuring occurred and numerous small bodies, filled with the interstitial liquid at their positions, were formed. In these small bodies precipitation of plagioclase occurs, but the liquid super-cools upon hornblende because of the difficulty of its nucleation. Now, consider composition driven convection to occur in the sequence of interstitial liquid. Convection takes away the super-cooled liquid in the fissures and puts the new liquid in; the removed oversaturated magma crystallizes horn blende in the forming mela albite diorite body. This process may continue until mela albite diorite cements , and horn 
